important role for this protein in centrosome maturation ( Figure 1A ). In contrast, immunofluorescence analysis revealed that activated Aurora-A was present at centro-(Hannak et al., 2001): Aurora-A does not contribute to centrosome separation before nuclear envelope breaksomes in more than 40% of cells at 8.5 hr after the release, and a substantial population ‫)%02ف(‬ of cells down (NEBD) but, rather, is important for maintenance of centrosome separation. The molecular pathways by was already positive for active Aurora-A 1 hr earlier, when most cells were still in G2 phase ( Figure 1C ). To which Aurora-A controls the mitotic machinery and by which it is itself regulated remain largely unknown, determine more precisely when Aurora-A is first activated, we stained cells with both T288P and antibodies however.
We now provide molecular insight into the regulation specific for histone H3 phosphorylated on Ser10, a marker of M phase. Phosphorylation of Aurora-A was of mitotic entry in human cells. With the use of antibodies specific for the active form of Aurora-A, we found that apparent before that of histone H3 ( Figure 1D ), demonstrating that Aurora-A is first activated during G2 phase. Aurora-A is first activated in late G2 phase at the centrosome of HeLa cells. Application of RNAi to synchronized These observations reveal that active Aurora-A initially appears at centrosomes during late G2 phase and that HeLa cells revealed that this activation of Aurora-A is required for the initial activation of cyclin B1-Cdk1 at this event precedes the robust activation detected biochemically during early mitosis. the centrosome and, therefore, for entry into mitosis. A two-hybrid screen identified Ajuba as a protein that binds to Aurora-A, and this interaction was shown to Aurora-A Kinase Is Essential result in the autophosphorylation and consequent actifor G2-M Progression vation of Aurora-A. The autophosphorylation of AuroraTo investigate the importance of human Aurora kinases A facilitated by interaction with Ajuba underlies the actiin G2-M transition, we combined cell synchronization vation of Aurora-A at the centrosome that is required with RNAi. HeLa cells were transfected with small infor the commitment of cells to mitosis.
terfering RNAs (siRNAs) in the interval between the two thymidine-blocks and were examined for expression of Aurora-A and Aurora-B between 6-9 hr after release Results into the cell cycle ( Figure 2A ). Transfection of cells with siRNAs specific for Aurora-A or Aurora-B resulted in Temporal and Spatial Control of Aurora-A Activation specific reduction in levels of the corresponding protein ( Figure 2B ). Depletion of Aurora-A markedly impaired To study the temporal regulation of Aurora-A activation, we synchronized HeLa cells at the G1-S boundary by the ability of cells to enter mitosis, whereas transfection of cells with the siRNA specific for Aurora-B or with a the double thymidine-block protocol and then monitored the abundance and kinase activity of the protein control siRNA had no such effect ( Figures 2C and 2D) . Similar results were obtained with U2OS human osteothrough mitosis. Consistent with previous observations (Marumoto et al., 2002), the amounts of both Aurora-A sarcoma cells (data not shown).
To characterize the impairment in mitotic entry in protein and kinase activity increased during late G2 to M phase, beginning ‫5.8ف‬ hr after release of the block Aurora-A-deficient cells, we examined cell cycle progression by flow cytometry. Monitoring of DNA content ( Figure 1A ). Given that phosphorylation of Aurora-A on Thr288, which is located in the activation T loop of the revealed that the kinetics of DNA replication (S phase progression) was not affected by Aurora-A depletion kinase, results in a marked increase in enzymatic activity (Walter et al., 2000) , we examined the phosphorylation (see Supplemental Figure S1A online at http://www. cell.com/cgi/content/full/114/5/585/DC1). Rather, the state of Thr288 by immunoblot analysis with antibodies (T288P) specific for Aurora-A phosphorylated on this Aurora-A-deficient cells appeared to be delayed in G2 phase, as indicated by the marked cytoplasmic accumuresidue. The phosphorylation of Aurora-A on Thr288 occurred during G2-M phases, coincident with the enzylation of cyclin B1 ( Figure 2E ). This G2 delay induced by Aurora-A depletion was not clearly overridden by matic activation ( Figure 1A ). The phosphorylation of Thr288 thus provides an index of the enzymatic activatreatment of the cells with caffeine (Supplemental Figure  S1B) , which inhibits the checkpoint pathway activated tion of Aurora-A.
We next examined the subcellular distribution of actiby DNA damage. Moreover, there were no obvious differences in the synthesis of mitotic cyclins between vated Aurora-A by immunofluorescence analysis with the T288P antibodies ( Figure 1B) . The activation of a Aurora-A-deficient cells and those transfected with the control siRNA (Supplemental Figure S1C) , excluding the small proportion of Aurora-A was first evident at centrosomes before chromatin condensation (Figure 1Bb ). Acpossibility that the G2 delay was due to inhibition of protein synthesis triggered by double-stranded RNA. tivated Aurora-A was subsequently detected in the nucleus, coincident with visible chromatin condensation, Consistent with the delayed mitotic entry, Aurora-Adepleted cells lacked substantial cyclin B1-associated at prophase. Finally, increased amounts of activated Aurora-A were observed at the spindle poles, after kinase activity toward histone H1 in vitro, despite the marked accumulation of cyclin B1 ( Figure 2F ). This lack NEBD, at prometaphase.
To clarify the temporal relation between the enzymatic of kinase activity was associated with the phosphorylation of Cdk1 on Tyr15 (Supplemental Figure S1D ). Toactivation and subcellular localization of Aurora-A, we categorized the pattern of T288P staining of synchrogether, these observations indicate that Aurora-A, but not Aurora-B, is essential for mitotic entry in cultured nized cells during cell cycle progression as exemplified by the six panels, a-f, in Figure 1B . Activation of Aurora-A human cells. We also observed that centrosomes remained immawas first detected 8.5 hr after release from G1-S arrest by both immunoblot analysis and in vitro kinase assay ture in the Aurora-A-depleted cells, whereas those in Figure 5E ). Furthermore, phosphorylated mitosis ( Figure 4F ). This centrosomal staining was not apparent in cells transfected with Ajuba siRNA (data not Ajuba, which appeared as a lower-mobility band in cells coexpressing wild-type Aurora-A, was specifically coshown), eliminating the possibility that it was due to a nonspecific reaction of the antibodies. The observation precipitated with Aurora-A. We also noticed that a lower-mobility form of Aurora-A that Ajuba concentrates on centrosome during G2-M phase suggests that the interaction with Aurora-A could appeared in cells expressing both wild-type Aurora-A and Ajuba, suggesting that both proteins are phosphorytake place in this specific phase and place. lated during complex formation. To examine this possibility further in vivo, we subjected immunoprecipitates Delineation of the Ajuba Domain Responsible of endogenous Ajuba prepared from mitotic HeLa cells for Interaction with Aurora-A to immunoblot analysis with antibodies to Aurora-A. AlTo delineate the region of Ajuba responsible for its assothough both the phosphorylated and nonphosphoryciation with Aurora-A, we generated various deletion lated forms of endogenous Aurora-A were detected in mutants of Ajuba fused with glutathione S-transferase the input lysate, the phosphorylated form was specifi-(GST) ( Figure 5A ). GST-Ajuba fusion proteins were incucally coprecipitated with Ajuba ( Figure 5F ). These data bated with a purified hexahistidine (His 6 )-tagged fragthus demonstrate that Aurora-A interacts with Ajuba ment of Aurora-A (amino acids 1-129), the same fragduring mitosis and that both proteins are phosphoryment that was used as the bait in the two-hybrid screen, lated as they form a complex. and were then precipitated with glutathione-Sepharose beads. Whereas the Aurora-A fragment coprecipitated with GST-Ajuba⌬1 (containing all three LIM domains)
Activation of Aurora-A by Ajuba and GST-Ajuba⌬3 (containing LIM-2 and LIM-3), it did Based on our immunoprecipitation and immunoblot not associate with the ⌬2, ⌬4, ⌬5, or ⌬6 GST-Ajuba data, we speculated that phosphorylation of Aurora-A mutants ( Figure 5B ). We confirmed that the full-length is induced by interaction of the kinase with Ajuba. We recombinant proteins, GST-Ajuba and His 6 -tagged examined this possibility first in a cell-free system. PuriAurora-A, interacted directly ( Figure 5C ). However, GSTfied His 6 -tagged Aurora-A was incubated with various Ajuba⌬7, which lacks the LIM-2 and LIM-3 domains, concentrations of GST-Ajuba in a kinase reaction buffer. did not interact with Aurora-A. The interaction between
The extent of phosphorylation of Aurora-A on Thr288, as Ajuba and Aurora-A was suggested to depend on the revealed by immunoblot analysis with T288P antibodies, conformation of the LIM domain by the observation that increased in a manner dependent on the amount of GSTit was blocked by TPEN, a Zn 2ϩ -specific chelator that Ajuba ( Figure 6A ). Ajuba did not induce phosphorylation disrupts this conformation. These in vitro binding experiof the kinase-inactive Aurora-A mutant K162M on ments thus demonstrated that both LIM-2 and LIM-3 Thr288 (Supplemental Figure S3A) . These data thus indidomains of Ajuba mediate the interaction with the NH 2 -cated that Ajuba facilitates the phosphorylation of terminal region of Aurora-A. Aurora-A on Thr288 and that this phosphorylation is mediated by an autocatalytic mechanism.
Given that the phosphorylation of Thr288 appears to In Vivo Interaction between Aurora-A and Ajuba
To determine whether Ajuba is a substrate for the kinase be critical for the kinase activity of Aurora-A ( Figure 5E ), we next determined whether the Ajuba-induced autoactivity of Aurora-A, we performed an in vitro kinase assay with recombinant His 6 -tagged wild-type Aurora-A phosphorylation of Aurora-A increases the kinase activity of Aurora-A toward exogenous substrates. In the or a kinase-inactive mutant thereof (K162M, in which Lys162 in the ATP binding site is replaced with Met) and absence of GST-Ajuba, His 6 -tagged Aurora-A exhibited little kinase activity toward histone H3 ( Figure 6B ). In with GST-Ajuba. Ajuba underwent marked phosphorylation on incubation with wild-type Aurora-A, but not when the presence of GST-Ajuba, however, the phosphorylation of histone H3 (and of His 6 -tagged Aurora-A itself) incubated with the kinase-inactive mutant ( Figure 5D ).
Moreover, when either COOH-terminal half-truncated was greatly increased in a manner dependent on the concentration of Aurora-A, indicating that Ajuba stimu-(pre-LIM domain) or NH2-terminal half-truncated (LIM domain) of GST-Ajuba was used as substrates in the
lates the kinase activity of Aurora-A. To examine further whether Ajuba induces the activaassay, phosphorylation site(s) in Ajuba appeared to re- 1-4) . The same cell lysates were also subjected to immunoprecipitation with antibodies to Flag, and the resulting precipitates were subjected to immunoblot analysis with antibodies to HA or to Flag, as indicated (lanes 5-8). The lower-mobility form of HA-tagged Ajuba was converted to the higher-mobility form by phosphatase treatment (data not shown). 
ures 6C and 6D). The kinase-inactive Aurora-A mutant
Ajuba-Induced Autoactivation of Aurora-A in Late G2 Is Required for Mitotic Entry K162M was not phosphorylated when coexpressed with Ajuba ( Figure 6C ), indicating that phosphorylation of
We have shown that the interaction between Aurora-A and Ajuba occurs during mitosis and that Ajuba prowild-type Aurora-A is mediated autocatalytically.
We examined whether the Ajuba-induced activation motes the autoactivation of Aurora-A. We therefore examined the possibility that Ajuba contributes to the actiof Aurora-A was dependent on the ability of Ajuba to bind markedly during progression to mitosis, only a small tions thus indicate that Ajuba is required for the activation of Aurora-A at centrosomes in late G2 phase. fraction of cells transfected with Ajuba siRNA exhibited centrosome staining, and such staining was of low intenTo examine further the mechanism of Aurora-A activation by Ajuba, we subjected cells transfected with Ajuba sity when present (Figures 7C and 7D) . These observa-siRNA to immunofluorescence analysis both with T288P cooperate to regulate the G2-M transition during egg maturation and that this molecular mechanism is conantibodies and with rat antibodies that recognize both the phosphorylated (activated) and nonphosphorylated served through evolution and is shared between mitotic and meiotic regulation. forms of Aurora-A. Aurora-A localized to centrosomes in the absence of Ajuba but remained in the inactive state ( Figure 7E) . The demonstration that Aurora-A is Activation of Aurora-A by the Interaction recruited to the centrosome regardless of its activation with Ajuba status supports the notion that interaction with Ajuba One possibility for the mechanism by which Ajuba mediat this organelle promotes the activation of Aurora-A.
ates the activation of Aurora-A is that the binding of Having shown that the initial Aurora-A activation is Ajuba to Aurora-A induces an activating conformational required for commitment to mitosis (Figure 2) , we tested change. We noticed that GST-Aurora-A, but not His 6 -whether depletion of Ajuba also inhibits mitotic entry.
tagged Aurora-A, possessed marked kinase activity in The kinetics of DNA replication were not affected by the absence of Ajuba (data not shown). It is thus conceivAjuba depletion (Supplemental Figure S4A) . However, able that the NH2-terminal region of Aurora-A interacts the ability of Ajuba-depleted cells to enter mitosis was with the catalytic domain to inhibit kinase activity and impaired to the same marked extent as was that of that fusion of this NH2-terminal region with GST or its Aurora-A-depleted cells ( Figure 7F) . Also similar to binding to Ajuba prevents this inhibitory interaction, Aurora-A-depleted cells, Ajuba-depleted cells appeared leading to Aurora-A activation. Another possibility is that to arrest in G2 phase, as indicated by substantial accuAjuba stabilizes activated Aurora-A. Phosphorylation of mulation of cyclin B1 in the cytoplasm. The accumulated Thr288 of Aurora-A is critical not only for catalytic activacyclin B1 lacked associated kinase activity toward histion but also for degradation of the protein (Walter et al., tone H1 (Supplemental Figure S4B) . We conclude that 2000), suggesting that activated Aurora-A is unstable. Ajuba plays an important role in the activation of AuConsistent with this notion, we observed that recombirora-A at centrosomes in late G2 phase and that this nant Aurora-A was more stable in the presence of Ajuba activation is essential for cells to initiate mitosis. than in its absence ( Figure 6A ). We have shown that both Aurora-A and Ajuba are phosphorylated during their association and that the Discussion phosphorylation of both proteins is mediated by Aurora-A. A nonbinding mutant of Ajuba was not able to We have investigated the role of Aurora-A in mitotic entry in human cells. We also identified Ajuba as a protein that induce autophosphorylation of Aurora-A. Nevertheless, this mutant was phosphorylated by Aurora-A both in binds to and activates Aurora-A. Our data reveal that Ajuba is required for the activation of Aurora-A at centrocells ( Figure 6E ) and in vitro, and the kinetics of the in vitro reaction were similar for both the wild-type and somes in late G2 phase, which is important for activation of the cyclin B1-Cdk1 complex and commits cells to mutant Ajuba proteins (Supplemental Figures S2A and  S2B ). These observations better support the possibility mitosis. We here propose that the signaling pathway for mitotic entry is activated in late G2 phase, before cells that the Aurora-A-Ajuba interaction is facilitated by phosphorylation of Ajuba. are morphologically defined as M phase.
The activation of Aurora-A has also been shown to result from downregulation of protein phosphatase 1, Ajuba As a Mitotic Regulator which forms a complex with Aurora-A and inhibits its We have shown that Ajuba plays an important role in kinase activity (Walter et al., 2000 ; Katayama et al., regulation of the kinase activity of Aurora-A and that the 2001). Given that purified recombinant Aurora-A was interaction of Ajuba with Aurora-A is mediated by the activated in vitro by purified recombinant Ajuba and that native conformation of the LIM-2 and LIM-3 domains of this reaction was not affected by a phosphatase inhibitor Ajuba. Ajuba appears to be a specific activator of (Supplemental Figure S3B) , the activation of Aurora-A Aurora-A, given that it does not activate Aurora-B (Supby Ajuba appears to be distinct from the phosphataseplemental Figure S5A ) and that Aurora-A is not activated mediated regulation of this kinase. by zyxin (Supplemental Figure S5B) , a protein that is structurally related to Ajuba. We previously showed that human WARTS, a mitotic kinase, interacts with zyxin via 
